The Granjeno Schist is a meta-volcanosedimentary upper Paleozoic complex in northeastern Mexico. We suggest different tectonic settings for metamorphism of its serpentinite and talc-bearing rocks based on petrographic and geochemical compositions. According to the REE ratios (La N /Yb N = 0.51-20.0 and La N /Sm N = 0.72-9.1) and the enrichment in the highly incompatible elements Cs (0.1 ppm), U (2.8 ppm), and Zr (60 ppm) as well as depletion in Ba (1 -15 ppm), Sr (1 -184 ppm), Pb (0.1 -14 ppm), and Ce (0.1 -1.9 ppm) the rocks have mid-ocean ridge and subduction zones characteristics. The serpentinite contains Al-chromite, ferrian chromite and magnetite. The Al-chromite is characterized by Cr# of 0.48 to 0.55 suggesting a MORB origin, and Cr# of 0.93 to 1.00 for the ferrian chromite indicates a prograde metamorphism. We propose at least two serpentinization stages of lithospheric mantle for the ultramafic rock of the Granjeno Schist, (1) a first in an ocean-floor environment at sub-greenschist to greenschist facies conditions and (2) later a serpentinization phase related to the progressive replacement of spinel by ferrian chromite and magnetite at greenschist to low amphibolite facies conditions during regional metamorphism. The second serpentinization phase took place in an active continental margin during the Pennsylvanian. We propose that the origin of the ultramafic rocks is related to an obduction and accretional event at the western margin of Pangea.
Introduction
In Mexico, details of the Laurentia-Gondwana collision remain controversial [1] . Even though several studies have examined the Paleozoic (Silurian to Carboniferous) basement rocks of northeastern Mexico, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] the evolution of the ultramafic paleozoic rocks has received minor attention; therefore this topic should be furtherly studied [11] [12] [13] [14] [15] [16] [17] [18] . It is commonly accepted that metamorphism including serpentinization of the Granjeno Schist, a metavolcanic and metasedimentary unit of 300±4 Ma metamorphic age, was related to the closure of the Rheic Ocean and the resulting formation of Pangaea.
The protoliths of the Granjeno Schist indicate different tectonic setting of formation. Most recently, Torres [19] suggest that N-MORB rocks indicates extrusion along a mid-ocean ridge related to the rifting and drifting of the Rheic Ocean during Silurian to Devonian time, whereas enriched basaltic rocks indicate mixing of MORB magma with an enriched deep mantle source. The magmatism was probably associated with plate movements related to the closure of the Rheic Ocean, supporting the migration of the southwestern margin of Gondwana into the PaleoPacific Ocean [20, 21] . The southwestern margin of Gondwana changed from passive to active with the development of an oblique subduction system during the Pennsylvanian [14, 18, 22] . Based on field relationships, petrographic and isotopic characterization of metasedimentary and metavolcanic rocks, it is possible to estimate that the Granjeno Schist was integrated and metamorphosed in an accretionary prism during this time [1, 13, 14, 17, 18, [23] [24] [25] . No particular attention has been entirely paid to the significance of the serpentinite bodies within the Granjeno Schist. Hence, until now the relation between the protoliths of the metasedimentary, metavolcanic and metaultramafic rocks and their plate-tectonic setting has not been considered for the evolution of northwestern Gondwana.
Since the 1970's serpentinite and talc bodies within the Granjeno Schist have been reported in the area of northeastern Mexico [26, 27] . Their origin has been interpreted 1) as a result of diapiric upwelling, 2) part of an ophiolite, 3) a sheeted dike layer and/or 4) having a subduction relation. These interpretations were mostly founded on field and petrographic observations in the Novillo Canyon and less from the Peregrina Canyon, both in northeastern Mexico [5, 8, 10, 14, [28] [29] [30] Talc-bearing rocks and serpentinite also occur in the Aramberri Uplift but no studies exist on their origin.
The present study constitutes the first detailed work dealing with the petrology and geochemistry of Paleozoic serpentinite and associated talc-bearing rocks in northeastern Mexico. The purposes of the study are to: a) establish the tectonic setting of the serpentinite protoliths, b) determine the metamorphic conditions that affected the rocks, as well as c) establish a geological model for the evolution of late Paleozoic tectonic events in northeastern Mexico during Pangaea configuration. In order to achieve this, we use criteria based on primary and secondary mineralogical compositions, and mineral and whole-rock chemistry of the serpentinite of the Granjeno Schist.
Geological Setting
During Late Carboniferous and early Permian times Gondwana and Laurentia collided to form the supercontinent Pangaea [31, 32] separating several small terranes from Gondwana and accreted to Laurentia [33] [34] [35] . Remnants of the late Paleozoic Rheic Ocean closure and consequent collision between Laurentia and Gondwana are scarce, but not absent in Mexico. Visible vestiges of the Rheic Ocean include the Paleozoic rocks of the Granjeno Schist in northeastern Mexico. The origin of these rocks is closely linked to the outboard margins of the microcontinent Oaxaquia during the configuration of Pangaea ( Fig. 1a ; [14] ). These rocks demonstrate that the closure of the Rheic Ocean, in the area of actual northeastern Mexico, did not result in continent-continent collision during the middle to late Paleozoic. It rather brought the northwestern margin of Gondwana into contact with the Paleo-Pacific Ocean [18, 19, 36, 37] .
The Granjeno Schist is a poly-deformed metavolcanometasedimentary sequence that includes both sedimentary (psammite, pelite, turbidite, conglomerate, black shale) and igneous (tuff, lava flows, pillow lava, ultramafic bodies) protoliths that have been metamorphosed under sub-greenschist to greenschist facies conditions [2-4, 8, 11, 13 , 19] .
Regional distribution of the Granjeno Schist
The Granjeno Shist crops out in axes of anticlines in the Sierra Madre Oriental in northeastern Mexico, e.g., in the Huizachal-Peregrina anticlinorium. This N-NW-trending, double plunging structure is located northwest of Ciudad Victoria in Tamaulipas ( Fig. 1b ; [38] ), where the Granjeno Schist forms two major NW-trending blocks.
In the southwestern block a major NW-SE trending dextral fault separates the Granjeno Schist from the Mesoproterozoic Novillo Gneiss. A body of plagiogranite [8] with an intrusion age of 351 ± 54 Ma (U-Pb in zircon) and a cooling age of 313 ± 7 Ma ( 40 Ar/ 39 Ar in muscovite, [13] , is located in the fault contact. The Granjeno Schist northeastern block is in fault contact with Permian flysch and redbeds. In the south-central portion of the HuizachalPeregrina anticlinorium, an elongate serpentinite body within the Granjeno Schist is in tectonic contact with metasedimentary and metavolcanic rocks. Other, isolated outcrops of the Granjeno Schist are present in the Miquihuana and Bustamante Uplift (Tamaulipas) areas southwest of the Huizachal-Peregrina anticlinorium (Fig. 1b) , and in the Aramberri Uplift, Nuevo Leon (Fig. 1b) , in tectonic contact with small lenses of serpentinite and talc bodies. In all parts these units are overlain by Early Jurassic volcanic rocks, Early-Late Jurassic rift, drift and passive margin sediments related to the opening of the Gulf of Mexico basin [39] [40] [41] [42] [43] . The metamorphic age of the Granjeno Schist rocks of the Huizachal-Peregrina anticlinorium has been investigated in several studies. Most recently, [19] reported a 40 Ar/ 39 Ar plateau age on phengite of 300 ± 4 Ma in the metavolcanic rocks from the Peregrina Canyon. This age is equivalent with the reported age of 40 Ar/ 39 Ar in phengite of the metasedimentary rocks from the Novillo Canyon [13] . Older Rb-Sr whole-rock muscovite isochron ages in metasediments range from 318 ± 10 Ma to 257 ± 8 Ma [3, 44] . Whole-rock Rb-Sr ages of 373 ± 37 Ma to 320 ± 12Ma are recalculated from [27, 45, 46] . The metasedimentary rocks from the Aramberri Uplift yield muscovite K-Ar ages from 270 ± 5 to 294 ± 6 Ma [26] .
Description of the meta-ultramafic rocks
The serpentinite bodies in the Huizachal-Peregrina anticlinorium are up to 500 m thick and 10 km long (Fig. 1b) . In the Novillo and Peregrina Canyons the serpentinite rocks occur in layers of 10 cm to 500 m in thickness (Fig. 2a) . The serpentinite consists of foliated to massive, greenish and lustrous rocks. In places it is possible to recognize dark and clear green-banded texture and pillow structures as protolith remnants. The metacumulate in the Novillo Canyon is a coarse-grained, dark green rock. It is intensively fractured in lateral fault contact with the serpentinite bodies. At both localities the serpentinite rocks are in sub-vertical fault contact with other metasedimentary and metavolcanic rocks of the Granjeno Schist. The foliation of the serpentinite is parallel to the schistosity of the surrounding low-grade metamorphic rocks. In the Aramberri uplift, sepentinite lenses are 10 cm thick and 1 m long and are associated with talc bodies up to 50 cm thick and 30 m long. The talc bodies can be distinguished from the other lithologies due to its grayish to pearly color and softness. The talc bodies occur in fault contact with the metasedimentary rocks (Fig. 2b) . In this area serpentinite is present in shear zones.
Sampling and analytical methods
Twenty one samples of serpentinite, metacumulate and talc-bearing rocks from the Novillo and Peregrina Canyons, as well as one soapstone sample from the Aramberri Uplift, were analyzed (Table 1) analyses were accomplished for all samples with a polarizing microscope.
Chemical compositions of minerals were analyzed with the electron microprobe JEOL JXA 8230 at the Institute of Geosciences of the Friedrich-Schiller University, Jena, Germany. Serpentine, chlorite, talc, amphibole, pyroxene, chromite, pentlandite, magnetite and garnet compositions (Appendices 1-9) were determined from samples of all three study areas. The microprobe acceleration voltage was 15.0 kV and the beam current was 15 nA. A beam size of 2-3 µm was used. All standards were certified silicates and oxides.
Total abundances of major oxides and trace elements were measured for fifteen samples: ten serpentinite, one metacumulate, three talc-bearing rock and one soapstone sample (Table 1 ). They were powdered in an agate mill and analyzed with ICP-OES (major element oxides) and ICP-MS/INAA (Cr, Ni, Co, V, Cu, Pb, Zn, Rb, Ba, Sr, Ga, Nb, Hf, Cs, Ta, Th, U, Zr, Y and REE) with an accuracy of +/− 5 to 20 % at Acmelab (Vancouver, Canada).
Metamorphic temperatures for the meta-ultramafic rocks were determined using the chlorite thermometer of [47] , which is based on Al IV in chlorite and compared with the corrected thermometer by [48] . The temperature calculation considers the influence of iron in chlorite, and requires that Fe/(Fe+Mg) is < 0.6. The Appendices 1-10 provide mineral and whole-rock chemical compositions and a list of compositional preconditions for the calculated metamorphic conditions.
Results

Petrographic outlines
The meta-ultramafic rocks are mainly composed of the metamorphic minerals serpentine, chlorite, talc, amphibole and garnet. The opaque phases chromite, magnetite and pentlandite are also present. Relic clinopyroxene is recognizable.
The serpentinite rocks in all areas have four different textures: a) acicular texture consisting of fibrous lizardite and chlorite with crystal sizes up to 0.25 mm, b) pseudomorphic bastitic texture including bastite in crystals up to 1 mm in size, mainly as an alteration product from clinopyroxene, and with chrysotile and chlorite rims about 0.3 mm wide (Fig. 3a) , c) box work texture consisting of acicular cross antigorite (Fig. 3b) , and d) mesh texture conformed by ribbons of lizardite and antigorite and replaced in its core by carbonate and/or talc. In general the opaque phases in the serpentinite are granular and fractured, up to 0.4 mm and with chrysotile and stichtite veins. Veins and ribbons of antigorite are recognzible in all serpentinite. Also talc occurs as vein filling in the serpentinite from the Novillo and Peregrina Canyons.
In the serpentinite the recognizable opaque phases as spinel crystals occur in irregular protogranular to amoeboidal shapes. They are present in the serpentinite from the Peregrina and Novillo canyons. The spinel is present as a) crystals of homogeneous deep red color, b) zoned, deep red crystals with a black outer rim and c) homogeneous black crystals. The homogeneous deep red spinel crystal and some cores of the zoned crystals have preserved the primary spinel composition. Magnetite occurs as rim/rim boundaries in chromite and ferrian chromite (Fig. 3c ) and as irregular crystals (Fig. 3d ) in mesh textures and within mesh cores. Pentlandite occurs in protogranular and fractured shapes (Fig. 3e) .
In the metacumulate, relic porphyroclasts of bent and kinked diopside up to 6 mm in size are surrounded by subhedral crystals of recrystallyzed diopside, tabular amphibole, polygonal grossular ( Fig. 3f ) and tabular and elongated chlorite.
The talc-bearing rocks have fibrous and nematoblastic texture. They are dominated by tabular porphyroblasts of pure talc of 0.3 mm to 0.5 mm in size which are associated with orthopyroxene and replaced serpentine, uncolored, greenish and brownish subhedral tremolite (Fig. 3g) , associated with chlorite and secondary dolomite and granular calcite (≤ 0.33 mm to 0.5 mm; Fig. 3h ). The groundmass consists of fibrous talc and chlorite (≤ 0.15 mm; Fig. 3g , h, i). 
Chlorite geothermometer
The tetrahedral Al (AlIV) content in chlorite is 0.93 to 1.05 apfu for the metacumulate of the Novillo Canyon. This corresponds to crystallization temperatures of 253-276 ∘ C with a mean of 268 ∘ C (n = 4; Appendix 2; cf. [47] . The Fe/(Fe+Mg) ratios of < 0.6 are taken into account for temperature calculations according to [48] Jowett (1991) . This gives temperatures that are 1-30 ∘ C higher than the temperatures derived from the [47] thermometer (Appendix 2).
Pyroxene
The clinopyroxene has a limited compositional range of diopside with Wo45-50En43-50Fs5-15 (Appendix 3).
Garnet
It has a grossular composition of Py8-14Alm3-6Gs80-88 (Appendix 4) and is associated with diopside and chlorite.
Talc
The talc has Si content of 7. 
Amphibole
The chemical composition is calcic, dominated by tremolite Mg/(Mg+Fe2+) = 0.93-0.98, actinolite Mg/(Mg+Fe2+) >1 and ferroactinolite Mg/(Mg+Fe2+) ≤ 1; Appendix 6). The coexistence of these amphibole minerals suggests progressive metamorphism (cf. [49] ). 
Spinel
Trace-element composition
The metacumulate and serpentinite rocks have high Cr concentrations of 96-5500 ppm, Ni of 100-4000 ppm and Fig. 6d) . These REE patterns suggest an abyssal peridotite source (MOR-type; cf. [55] 
Discussion
The chromite composition indicates an origin for the ultramafic rock protoliths in a mid-oceanic ridge setting. This is based on the Cr# and Mg# values of the Al-chromite in the serpentinite rocks from the Novillo and Peregrina canyons. The low Al 3+ , Cr 3+ , Fe 3+ and TiO 2 contents in the Al-chromite is comparable to podiform (ophiolitic) and abyssal peridotite chromite (cf. [50, [56] [57] [58] [59] ; Fig. 7a-c) . Alchromite suggest that the Cr-spinel crystallized through high degrees of partial melting at the shallowest levels of an upper mantle source (within the Moho Transition Zone), i.e., close to the layered gabbro sequence (e.g. [60] [61] [62] [63] [64] [65] ). Trace element enrichment of Cs, Rb, Pb, Sb, Sr are caused due serpentinization process, tremolite and/or carbonate precipitation also caused Pb, Sb enrichment and produces in serpentinites (cf. [66] ) REE patterns are similar to fore-arc and mid-ocean-ridge serpentinites (cf. [66] ) suggesting this environment for the serpentinization process.
The serpentinization of the peridotitic rocks occurred in two tectonic settings: (1) during ocean-floor metamorphism at a mid-ocean ridge and (2) through dynamic metamorphism at a subduction zone (cf. [60] ; Fig. 7c ).
Ocean-floor metamorphism produced mobility of trace elements as Rb and Sr, enrichment of Pb, Sb by carbonate precipitation and U-enrichment due hydrothermal alteration (cf. [66, 67] ), pseudomorphic replacement textures, such as mesh texture (chrysotile and lizardite) and bastite were also formed. The presence of grossular in the metacumulate rock from the Novillo Canyon indicates rodingitization. According to [68] rodingite formation takes place at 200-300 ∘ C during ocean-floor metamorphism of ultramafic rocks (cf. [69, 70] ). All this suggests that the first serpentinization took place under subgreenschist to lower greenschist facies conditions, in accordance with the estimated temperatures of 253-293 ∘ C, while the rocks were located close to an oceanic spreading center (Fig. 8) . However, the slightly enrichment of LREE and Csenrichment in some serpentinites samples and the formation of ferrian chromite rims, box work textures, veins and ribbons of antigorite indicates a higher serpentinization degree, probably during the onset of regional metamorphism (Fig. 8) . During this process the formation of chlorite rims, progressive replacement of Al-rich spinel by ferrian chromite and magnetite occurred. However, the association of ferrian chromite, antigorite, talc, tremolite and diopside indicates serpentinization at amphibolite facies (cf. [71] [72] [73] [74] ). This is supported by the occurrence of the minor phase pentlandite indicates recrystallization of primary sulfides at temperatures around 450 ∘ C during serpentinization (cf. [49] ). The related fault contact of the talc-bearing rock bodies with metasedimentary rocks, the formation of interpenetrative antigorite in serpentine, the replacement of serpentine crystals by talc and the appearance of calcite in veins and groundmass indicate a later crystallization stage for the Aramberri Uplift rocks. This suggests that a process of obduction of the meta-ultramafic rocks related with regional metamorphism may have occurred.
Correlation of the meta-ultramafic rocks with metavolcanic and metasedimentary rocks in the Granjeno Schist
Serpentinite rocks record the evolution of seafloor formation affected at least for two metamorphic events at an ocean ridge and a later secondary metamorphism in a subduction zone. Neither indication for geochemical involvement of continental crust nor for subduction magmatism in the ultramafic protoliths, and due to the presence of associated oceanic basalts, we suggest that the magmatic evolution was completely within an oceanic plate. Depositional contacts of clastic (continental) metasedimentary rocks with metavolcanic rocks throughout the Granjeno Schist suggest that sedimentation was contemporaneous with the volcanism. The age of the basaltic rocks reamin unknown, but maximum depositional ages of the coeval metasedimentary rocks are late Cambrian to Devonian [18, 75] , indicating a composite unit with a long possible sedimentation and volcanism history. Grenvillian (1250-920 Ma) and Panafrican (730-530 Ma) detrital zircon crystallization ages suggest that the Novillo Gneiss of the Oaxaquia microcontinent and the Gondwana continent may have been the main sediment sources [18, 75] . Thus, the Granjeno Schist can be related to the Rheic Ocean.
Assuming that the youngest maximum depositional ages are similar to the youngest depositional part of the Granjeno Schist, N-MORB igneous activity and sedimentation in the Novillo and Peregrina Canyon area lasted at least from Silurian to Devonian times [19] . The extrusion of N-MORB from asthenospheric magma can be related to rifting and drifting of part of the Rheic Ocean during that time. The abyssal peridotite (meta-ultramafic rocks) may have formed in this scenario. The peridotite represents the melting residues of N-MORB melt. It became exposed on the seafloor due to tectonic faulting associated with spreading-ridge extension. During the spreading of the ocean floor alteration, low-grade metamorphism, initial serpentinization and rodingitization took place.
Regional studies about southern and northeastern Mexico indicate that the closure of the Rheic Ocean did not result in a subsequent continent-continent collision, but moved Gondwana into contact with the Paleo-Pacific Ocean (e.g., [14, 20, 76] ). As result dextral transpression took place and a Pennsylvanian-Permian magmatic arc was established (cf. [14, 15, 18, 77, 78] ). The metamorphic age of the Granjeno Schist indicates that the metamorphic overprint and the second serpentinization event of the rocks of the present study may have taken place in an accretionary prism during Pennsylvanian to Permian times (cf. [18] ).
The low-metamorphic conditions for the Granjeno Schist are untypical for a continent-continent collision. Instead, accretion and obduction in an evolving active margin is more plausible [19] . This is in accordance with the metamorphic age of the Granjeno Schist as well as with the presence of plagiogranite with syn-collisional and volcanic-arc characteristics, which intruded the Novillo Gneiss at c. 350 Ma [13, 79] . During the obduction and accretion at the active margin, talc formed through thrust faulting of serpentinized ultramafic rocks, with metavolcanic and metasedimentary rocks (cf. [80] [81] [82] ).
Conclusions
The presented data suggest that the serpentinities and associated rocks represent a fragment of oceanic lithosphere that was formed and modified during the propagation of the ocean floor. Serpentinization presumably took place from a depleted-mantle source at the Moho Transition Zone up to the layered gabbro level. The process occurred over extended time and temperature ranges at subgreenschist to greenschist facies metamorphic conditions. After the ocean-floor serpentinization, a second regionalmetamorphic serpentinization phase took place during this event the lithospheric mantle slivers juxtaposed in the forearc region. These geological processes are related to a proposed circum-Pangaea non-collisional subduction zone, which caused prograde metamorphism in northeastern Mexico at Pennsylvanian to Permian time during Pangaea configuration. 
